 Wave power in the French Atlantic coast is assessed using a 58-year series of data  Considerable wave energy power is detected similar to nearby areas  Large inter-annual and intra-annual variability of wave power is found  The power output for 2 WECs (Wave Dragon and Pelamis) is computed  Points with greater wave power are not necessarily those with greater WEC output 1. Introduction
28
The European Union (EU) countries, which have limited fossil fuel deposits, consume one 29 fifth of the world's oil and gas supplies, spending billions of euros every year to buy those 30 commodities from third countries [1] . In 2009 the EU adopted the directive 2009/28/EC, 31 which stipulates that by 2020, 20% of EU final energy consumption must be obtained from 32 renewable sources and the greenhouse gas emission should be reduced by 30% [2] . To 33 achieve this goal, in the last years renewable energies have been boosted in European 34 countries, increasing their share of gross energy consumption from 5% in 1999 to 14.9% in 35
2013 [3] .
36
Marine renewable energy sources are among the most auspicious due to their higher power 37 density [4] and the existence of large water areas, which can be used to develop extensive 38 marine energy parks [5] . In particular, wave energy may be harvested in many more potential 39 sites than tidal energy, which needs strong currents generally restricted to a small number of 40 coastal areas like estuaries or shallow-water straits [6] [7] .
41
The Northeastern Atlantic area presents one of the largest wave energy resources in the 42 world [8] exceeding 40 kW/m in many areas [9] . In this region, wave power has been studied and it is also a decisive factor for selecting adequate locations from a technical standpoint 54
[31]. An ideal wave energy plant would supply relatively constant power throughout time, but 55 this is precluded by the resource's temporal variations [32] . The considerable uncertainty 56 associated to inter-annual and inter-seasonal variability of the wave power resource is one of 57 the factors that is slowing down the progression of full scale prototypes and pre-commercial 58 devices towards commercial arrays of wave energy converters (WECs) [4, 33] . 59 60
As pointed out in several studies [29, [34] [35] , one of the main disadvantages of wave energy, 61
given the random nature of waves, is its large variability at different time scales (wave to 62 wave, sea state, monthly, seasonal and inter-annual variations) [30] . In addition, a recent 63 study has stated that, due to temporal variations, the areas with high amounts of wave 64 energy are not necessarily the optimal locations for wave energy harvesting [28] . 65 66
Different researchers have studied wave climate variability at several temporal scales (e.g.
67
[30,36-39]), although most of them are based on periods of a few years, which are too short 68 to capture the inter-annual variability during the entire life cycle of a WEC. Nevertheless, 69 some studies have pointed out decadal changes in wave height based on satellite 70 observations and numerical data (e.g. [28, 30, 32, 38] ).
72
This study presents an assessment of the wave power resource using a long time series of 73 wave data (58 years) and focusing on the variability of such resource at different time scales 74 (monthly, seasonal and inter-annual). In addition, it analyzes the inter-annual variation of the 75 wave energy output provided by two WECs. The research is focused on a stretch of the 76 Atlantic French coast, the Bay of Biscay, in the area between Brittany and the Spanish 77 border. Several previous studies have assessed the wave resource potential in nearby 78 areas: the southern area of this Bay in the Spanish coast [20, 24] and its northern part in the 79
Sea of Iroise around Brittany [7, 26] . Other studies [25, 27] have assessed the wave power 80 resource in the same area, but they use shorter time series of wave data (3 and 7 years 81 respectively).
83
The paper is structured as follows: In Section 2, the used data and methodology are detailed, 84 while in Section 3 the wave data are analyzed. In Section 4 the average (in the 58-year 85 period) results of wave power and WEC performance in the study area are presented. In 86
Section 5 the same results are analyzed taking into account the temporal variability at 87 different scales. Lastly, in Section 6 the main conclusions of this work are summarized. wind and pressure fields consistent with the previous evolution of modeling parameters and 120 with physical observations. This data subset has also been used in previous studies of the 121 wave energy resource [48] . In this line, hindcasted wave data have been widely used to 122 assess wave energy potential (e.g. [8, 28, 49] ). 123 124
The analysis of the wave energy is focused on 10 points distributed between the 125 aforementioned latitudes and whose location is shown in Figure 1 . All the points have been 126 selected trying to minimize the distance to the coast (which ranges between 8 and 47 km) 127 and having a minimum water depth which allows the WEC deployment (all of them are 128 located at depths greater than 50 m with two exceptions: P4 at 38 m and P9 at 40 m. Other 129 points located farther from the coast could have been selected for the analysis, because their 130 energy potential should be greater due to less wave dispersion (both in direction and 131 frequency) and bottom friction. Nevertheless, the larger the distance to the coast, the greater 132 the costs of the connection to the grid, since more cable is necessary and, in addition, the 133 points located farther offshore have larger water depths, increasing the mooring costs too.
134
Therefore, for these farther points, it is necessary to make a balance between the costs and 135 the energy harvested and this was not the goal of this work. 
where α is a coefficient whose value depends on the wave spectrum shape, varying between 155 0.86 (for wide-band spectra) and 1 (for narrow-band spectra). In the studied area, both types 156 of sea states (sea and swell) are relevant, so a wide range of coefficient α values can be 157 expected. In this work, following the suggestion of [49], a value α = 0.9 (which can be 158 considered conservative) was adopted to compute the wave power.
159
For some sea states (those with longer periods) the deep-water assumption is not fulfilled 160
and, therefore, the use of equation (1) introduces certain inaccuracy. Despite this, 161
considering the uncertainty contained in equation (3) and the conservative value of α 162 assumed to compute T e , the error committed when using (1) in these cases can be deemed 163 admissible. Therefore, the mean wave power at each point can be computed using equations 164
(1) and (3) In this work, the temporal variability of wave power at each point is estimated using the three 176 coefficients proposed by Cornett [49] : the coefficient of variation (COV), the seasonal 177 variability index (SV) and the monthly variability index (MV). The first one analyzes the 178 temporal variability of the wave power time series by obtaining the ratio between its standard 179 deviation and its average value. SV computes the variability on a seasonal basis as the ratio 180 between the difference of the average wave power for the highest-energy and the lowest-181 energy seasons over the annual mean wave power. Finally, MV estimates the variability on a 182 monthly basis by making computations similar to those of SV but using the average wave 183 power of the highest-energy and the lowest-energy months. For each coefficient, the greater 184 its value the larger the temporal variability associated to its time scale. 185 186
In addition, and considering the long-term data set available, an equivalent index is 187 introduced to assess annual variations. The annual variability index, AV, is defined thus as: 188
189
(4) terminator. Their efficiency can be estimated through the capacity factor, which is an index 212 giving the ratio between the average electric power yielded by the WEC and its maximum 213 rated power. Both magnitudes (wave energy output and capacity factor) are computed for 214 each year and also as the average of the whole studied period. 215 216 3. Analysis of wave data 217 218
Previously to the wave power assessment, the main wave features in the study area are 219 analyzed. In Figure 2 , the mean H s and T e for the 58-year period at the 10 studied points are 220 plotted. The results shown in this figure indicate that the largest H s are located in the 221 northern stretch of the studied area and the lowest at the south, while the central section 222
presents intermediate values. On the contrary, the mean energy period tends to increase 223 southwards.
225
The H s mean values are around 1.80 m in the northern sector (points P1 to P3), slightly lower 226 than 1.70 m in the central stretch (points P4 to P7) and between 1.62 m and 1.52 m in the 227 south (points P8 to P10). As regards T e , the lowest mean value is found at P1 with 8.6 s, 228 gradually increasing to the south, with a maximum value of 9.2 s at P10. This suggests that 229 swell waves increase their presence towards the southern sector. 230 231
The inter-annual variability of H s and T e is illustrated in Figure 3 , in which the average value 232 of both parameters at each year of the 58-year period is shown for two points, P1 and P5. 233 Significant changes of the mean H s are observed, since its values range between 1.37 m and 234 2.13 m at P1 and between 1.39 m and 1.97 m at P5. Therefore, the values of the average H s 235 may vary up to 42% (P5) or 55% (P1) from one year to another. On the contrary, the inter-236 annual changes in mean annual T e values are of less magnitude, oscillating between 7.9 s 237 and 9.7 s at P1 (differences of up to 23%) and between 7.7 s and 10 s at P5 (differences up 238 to 30%). Taking into account these values and that the wave power P is a function of the 239 square of H s , it is obvious that the inter-annual variations of P are mainly due to this wave 240 height variability. 241 242
The intra-annual variability of H s and T e is also analyzed at two different scales: monthly 243 ( Figure 4 ) and seasonal ( Figure 5 ). (Figure 2 ). This seems to confirm 260 the increasing presence of swells towards the southern sector of the studied area.
261
The wave roses at four points (distributed along the studied stretch) are plotted in Figure 6 , 262 showing the directional distribution of H s . Almost all the waves in this area come from the 263 sector between the W and NW, although a progressive turning of the wave direction from W 264 to NW is observed when going to the south. Thus, at P1 39% of the waves are from the W 265 and 27% from the WNW, while at P5 25% are from the W, 48% from the WNW and 14% 266 from the NW. At P8, 57% of the waves come from the WNW and 27% from the NW and at 267 P10, 44% are from the WNW and 47% from the NW. and computing average values representative of the entire period. These mean values will be 272 compared with those accounting for the inter-annual variability, which will be presented in the 273 next section
274
The average wave power for the entire period at all the studied points is presented in Figure  275 7 and Besides the average energy available, a crucial aspect for evaluating the suitability of a 286 particular site for WEC deployment is the energy that can be harvested by an installed 287 device. As indicated in Section 2.2, this energy output depends on how the resource is 288 distributed among energy bins. For this reason, the scatter diagrams of H s and T e have been 289 determined for the 10 locations to compute the energy output. In Figure 8 , some of these 290 scatter diagrams are shown. 291 292
In Figure 8 , the total annual energy (in MW h/m) that could potentially be harvested from 293 each sea state (at intervals of 0.5 m for H s and 1 s for T e ) is shown. These plots allow 294 identifying the bins with the greatest energy potential. At all points the largest-energy source 295 is concentrated in the band of T e ranging between 10 and 12 s and H s between 2 and 4 m. 296
297
Using the scatter diagrams and the WEC power matrices (which were obtained from Ref 298
[14]), the energy output of both WECs can be computed. These values are summarized in 299 Table 1 and plotted in Figure 9 . 300 301
From the analysis of Figure 9 and To conclude the analysis of the average values, the average capacity factor (during the 312 entire period) for both WECs is assessed as a measure of their efficiency. The values of 313 these capacity factors are presented in Figure 10 and Besides the spatial distribution of the wave energy shown in Figure 7 , it is also interesting to 323 examine the temporal variability of the wave power. Since a long time series of data is 324 available (58 years), in this section the wave power variations along the full series are also 325 analyzed at different time scales (monthly, seasonal, yearly). The seasonal wave power (averaged in the 58-year period) at the 10 study points is shown in 340 Figure 12 , confirming the marked seasonal character of the wave energy in the study area. The yearly fluctuations are illustrated in Figure 14 , which shows the average annual wave 368
power for each year of the series at two points, those presenting the highest and lowest inter-369 annual variability (P1 and P5, respectively). This figure is complemented by Table 3 , in which 370 the mean annual energy values for the full 58-year period, the most energetic year (P Y1 ), the 371 less energetic year (P Y58 ) and the ratio of the two latter values (P Y1 /P Y58 ) are shown for each 372 studied point. Figure 14 and Table 3 evidence the large inter-annual variability existing in this 373 area, because the wave power potential at a given point in two different years may vary by a 374 factor of up to three. It is interesting to notice that the inter-annual variation is minimal in the 375 central sector (points P5 and P6, with ratios P Y1 /P Y58 lower than 2.5). This variability 376 increases towards the north and the south, peaking at both edges (values of P Y1 / P Y58 around 377 2.7 or larger), being maximum at P1 (3.08).
379
To analyze this large inter-annual variability of wave power, box-whisker plots are used. The 380 box-whisker plot describes a set of numerical data through their quartiles in a simple way. It 381 consists of a box, whose edges are the upper (third) and lower (first) quartiles of the dataset.
382
Inside the box there is a band indicating the median (or second quartile). Outside the box, 383 there are two vertical lines (named whiskers) extending up to the minimum and maximum 384 values found in the dataset.
385
One of these plots is presented in Figure 15 , which shows the inter-annual variability. The 386 range of variation between the maximum and minimum annual wave power is similar at all 387 points, except at P1 and P2 where it is significantly larger and at P5, where it is smaller. At all 388 points (except at P5), the years with wave power larger than the upper quartile are those with 389 a greater range of variation. This indicates that the most energetic years are those showing a 390 more irregular distribution of the wave power. On the contrary, those located between the 391 second and the third quartiles and, in particular, those between the first and the second 392 quartile are the years having a more similar wave power. 393 394
In addition to the year-to-year variation of the wave power, the month-to-month variation is 395 also analyzed. In Figure 16 , the results of the wave power for each month of every year are 396 presented, for points P1 and P5. These results show that the months between April and 397
September have a more regular behavior. On the contrary, the most energetic periods 398 (January-March and October-December) present strong variations of the average monthly 399 wave power, at both intra-annual and inter-annual scales. 400 401
This strong intra-annual and inter-annual monthly variability is illustrated in Table 4 The intra-annual monthly fluctuations are also analyzed and summarized in the last column 410 of Table 4 , where the ratios between the most and the less energetic months in the same 411 year are presented. This intra-annual variability is also very large, in particular for the stretch 412 including points P1 to P4, where the average ratios range between 18.7 and 21.3, and the 413 maximum ratios between 59.3 and 74. In the other points, the average ratio ranges between 414 16.2 and 17.7, and the maximum ratios between 37.5 and 44.7. Both the inter-annual and 415 intra-annual monthly variability present a general decreasing trend from north to south, from 416 P1 to P8, where this trend reverses. 417 418
The seasonal inter-annual changes are shown in Figure 17 , where the box-whisker plots for 419 the seasonal wave power at each point are drawn. The largest variability is observed in 420 winter followed by autumn, while in spring and, in particular, in summer the variability is 421 significantly lower. As in the case of the yearly analysis, the greatest deviations are observed 422 above the upper quartile, indicating again that the most energetic periods (i.e. with stronger 423 storms) are those with the largest irregularity. 424 425
The information contained in Figure 17 is completed with Table 5 , in which the seasonal 426 variability of wave power is summarized, including the minimum and maximum values for 427 each season in the 58-year period. For the studied interval, the maximum variability in winter, 428 spring and summer wave power values is observed in the northern stretch of the study area 429
(points P1 to P3), while the autumn variability is larger in the central area (points P5 to P7).
430
On the other hand, as in the case of the monthly analysis, the most energetic seasons 431 (winter and autumn) are also those having larger fluctuations in the wave power values, while 432 the mildest one (summer) presents a more uniform behavior.
434
In addition, in Table 5 the ratios between the most and the less energetic seasons in the 435 same year (i.e. winter and summer, respectively) are included. These ratios are greater at 436 the northernmost stretch (points P1 to P4) and the southernmost point (P10), with average 437 ratios exceeding 7, and maximum ratios greater than 16.5. At the other points (P5 to P9), the 438 average ratios vary between 6.4 and 6.7, and the maximum ratios between 14.9 and 16.2. 439 440
The analysis of the inter-annual changes has been extended to the energy harvested every 441 year by the two WECs considered in this study. In Figure 18 , the box-whisker plots obtained 442 at each point from the yearly values of the energy output from the two WECs are shown, 443 while in Table 6 the maximum and minimum annual values and the ratio between them are 444 included. These results present features that differentiate them from those corresponding to 445 the wave power, in which the ratio between the most and the less energetic years varies 446 between 2.2 and 3.1 depending on the site (Table 3 ). In the case of the energy delivered by 447 the WECs, this ratio is considerably lower and ranges between 1.7 and 1.9 for the Pelamis 448 and between 1.67 and 1.8 for the Wave Dragon. 449 450
Another noticeable difference observed with respect to the wave power is that the largest 451 variability in the energy output is found below the lower quartile instead of above the upper 452 one. This means that, unlike in the case of wave power, the years with less energy harvest 453 present the greatest variability in energy output. 454 455 The reduction in the ratio between the most and the less energetic years and the largest 456 variability in the milder years for the WECs energy output with respect to the wave power 457
indicates that WECs act as a filter. Indeed, the most energetic sea states are included in the 458 assessment of the wave power, but do not contribute to the energy production since they fall The temporal variability of wave power (averaged over the 58-year period) along the study 483 area shows a marked seasonal sequence, with an energetic winter (48% of the energy, on 484 average), a calm summer (7%) and moderate-energy spring and autumn (with 22% and 23% 485 respectively). There is also an appreciable variability on a monthly basis, with January, 486
December and February being the most energetic months and July, August and June the 487 mildest ones. 488 489
The most relevant findings of this work are related to the importance of considering the 490 temporal variability at different scales (monthly, seasonal and yearly) when assessing the 491 wave resource. Thus, there can be a factor of up to three between the annual wave power 492 evaluated at a same point for two different years. The intra-annual fluctuations are also 493 remarkable, since the ratio between the wave power of the most and the less energetic 494 months in the same year varies between 6 (minimum at P9) and 74 (maximum at P1), while 495 the ratio between the wave power of the most and the less energetic seasons in the same 496 year varies between 2.2 (minimum at P9) and 18 (maximum at P1).
498
If the inter-annual changes during the 58-year period are considered, the fluctuations in the 499 wave power increase. Indeed, the ratio between the wave power of the most and the less 500 energetic months at each point during the entire period ranges between 55 (P8) and 159 501 (P1), while the ratio between the wave power of the most and the less energetic seasons at 502 each point during the entire period varies between 24.5 (P5) and 36.3 (P1). Therefore, as 503 pointed out by other authors [28,31] the average value of wave power over the entire dataset 504 (58 years in this case) is only a rough indicator of the wave energy potential at a certain 505 place. These results illustrate the need of considering the intra-annual and inter-annual 506 variability of the wave power when assessing it for the potential deployment of WECs, 507 because its magnitude may vary significantly not only from one month to another but also on 508 a yearly basis. 509 510
Finally, taking into account the power matrices of two WECs (Pelamis and Wave Dragon), 511 the energy output is computed at the 10 studied points. The average annual energy 512 production for the entire period is obtained, ranging between 0.79 GW h (P9) and 1.07 GW h 513 (P2) for the Pelamis and 14.67 GW h (P10) and 17.02 GW h (P2) for the Wave Dragon.
514
Performing the analysis on a year by year basis, it is found that the inter-annual variability of 515 the annual wave energy output generated by the two studied WECs is considerably lower 516 (<1.9) than the fluctuations of the annual wave power (between 2.2 and 3). Another 517 interesting result is that the largest variations in the annual energy output are concentrated 518 below the lower quartile (i.e. in the less energetic years) instead of above the upper one (i.e. 519 the most energetic years) as in the case of the annual wave power. This indicates that the 520 most energetic sea states that are considered in the assessment of the wave power do not 521 contribute to the energy generation because they fall out of the WEC operation range. This is 522 a crucial point because the points with a greater wave power potential are not necessarily the 523 best for WEC deployment in terms of energy output. Thus, for example, P1 yields the second 524 greatest wave power value, but only the fourth largest amount of energy harvested by the 525 Wave Dragon converter. Consequently, for the development of a wave energy project in a 526 certain area, not only the wave power and its spatial and temporal variability have to be 527 assessed but also the specific performance of a particular WEC at this place, including the 528 energy output and its temporal variability. Table 4 . Wave power monthly variability at each point, with the maximum monthly energy in the 58 years (P M1 ), 807 the minimum one (P M696 ), the ratio between both (P M1 /P M696 ), and ratios between the most and the less energetic Table 6 . Energy output variability at each point in the 58-year period for the two studied WECs (Pelamis and
824
Wave Dragon), including the maximum (E max ) and minimum (E min ) annual values and the ratio between them
825
(E max /E min ).
